Nothofagus cunninghamii is a long-lived, wind-pollinated tree species that dominates the cool temperate rainforests of southeastern Australia. The species' distribution is more or less continuous in western Tasmania but is fragmented elsewhere. However, it is unknown whether this fragmentation has affected the species' genetic architecture. Thus, we examined N. cunninghamii using 12 nuclear microsatellites and 633 individuals from 18 populations spanning the species' natural range. Typical of wind-pollinated trees, there was low range-wide genetic structure (F ST = 0.04) consistent with significant gene flow across most of the species' range. However, gene flow was not high enough to overcome the effects of drift across some disjunctions. Victorian populations (separated from Tasmania by the 240 km wide Bass Strait) formed a genetic group distinct from Tasmanian populations, had lower diversity (mean allelic richness (Ar) = 5.4 in Victoria versus 6.9 in Tasmania) and were significantly more differentiated from one another than those in Tasmania (F ST = 0.045 in Victoria versus 0.012 in Tasmania). Evidence for bottlenecking was found in small populations that were at least 20 km from other populations. Interestingly, we found little divergence in microsatellite markers between the extremes of genetically based morphological and physiological altitudinal clines suggesting adaptive differentiation is strongly driven by selection because it is likely to be occurring in the presence of gene flow. Even though the cool temperate rainforests of Australia are highly relictual, the species is relatively robust to population fragmentation due to high levels of genetic diversity and gene flow, especially in Tasmania.
INTRODUCTION
Understanding the processes affecting the distribution of genetic diversity of temperate trees is important because high genetic diversity can facilitate rapid adaptation to changing environments. In particular, populations that lack genetic diversity can have limited adaptive potential and relatively low fitness (Reed and Frankham, 2003) . The cool temperate rainforests of southeastern Australia are ideal for considering how genetic diversity and gene flow affect the ways in which species respond to environmental change. These forests are remnants of closed forests that were more widespread and species rich until about 1.5 million years ago and subsequently underwent repeated periods of range contraction and expansion in response to the glacialinterglacial climate cycles (Hill, 2004) . These processes would have inscribed patterns in the genetic structure and diversity of these tree populations that may still be visible today. Thus, areas of glacial survival can show elevated levels of diversity in both nuclear and plastid genomes (Anderson et al., 2006) . In addition, patterns of dispersal can sometimes be identified using neutral markers. Unlike vegetation in many other parts of the world where signals of deeper time events have potentially been masked by anthropogenic disturbance, the ranges of the cool temperate rainforests of southeastern Australia have not been substantially altered by human activity.
Nothofagus cunninghamii (Hook.) Oersted (Nothofagaceae) is the dominant tree species in most of southeastern Australia's cool temperate rainforest. This species plays a central role in understanding Australian vegetation history because it is used as a marker of mesic environments in the palaeontological record and its biology and climatic tolerances are well understood. The species has survived for at least 1 million years (Jordan and Hill, 1999) , exposing it to repeated glacial periods cold enough to induce glaciation in Tasmania, alternating with periods of warm and relatively mesic climates. Although very common in western Tasmania, it has a fragmented distribution elsewhere with several major disjunctions (Figure 1) .
The strong geographic structuring of chloroplast haplotypes in N. cunninghamii provides evidence both that this species persisted in multiple glacial refugia across all major parts of its range and, assuming that the chloroplast genome is dispersed by seed, that seed-mediated gene flow has been restricted since the last glacial (Worth et al., 2009) . Furthermore, the species shows significant morphological and physiological variation across its range for important functional traits such as leaf thickness, area, specific leaf area and stomatal density, and some of this variation is genetic (Hovenden and Vander Schoor, 2006) . However, it is unknown how the fragmented range of the species has impacted the distribution of its nuclear genetic variation, the source of most adaptive potential. Indeed, the pollen of N. cunninghamii is likely to be much more mobile than its seed, which are gravity dispersed. This is because the species is wind pollinated and is strongly represented in modern pollen counts even at tens of kilometres distance from source trees (Fletcher and Thomas, 2007) . Thus, it is unclear whether substantial geographical barriers to seedmediated gene flow created by major areas of inhospitable habitat, such as Bass Strait and the dry Midlands region of Tasmania (Worth et al., 2009) , are in fact barriers to gene flow via pollen.
We present results from a range-wide study of N. cunninghamii that uses 12 microsatellite markers to investigate whether the species' fragmented range has impacted its genetic architecture (that is, the structure of the gene pool and genetic diversity of its populations) or whether the species' mobile pollen has overcome these putative barriers to gene flow. Specifically, we assess whether: (1) the disjunctions across Bass Strait and dryland barriers have impacted the species' genetic architecture; and (2) altitudinal gradients occur in spite of gene flow. This is the first study to use nuclear markers to better understand population genetic processes in a southern Australian cool temperate rainforest tree species.
MATERIALS AND METHODS
The study species and sampling strategy N. cunninghamii is confined to cool, humid climates where rainfall exceeds 1000 mm per year with at least 50 mm during the driest month and typically occurs in areas with low fire frequency (Jackson, 1965) . In addition to dominating cool temperate rainforest, the species also commonly occurs in the understory of tall wet eucalypt forests and as a shrub in montane vegetation. The species' distribution is more or less continuous in western Tasmania, but patchy in Victoria and parts of eastern Tasmania (Figure 1 ). The widest biogeographical barriers within its range are Bass Strait (an average of~200 km of open water between the southern Victoria and mainland Tasmania) and the Western Plains in Victoria (a 100-km wide volcanic grassland plain). These barriers are likely to have varied through time. In particular, during glacial periods, Australia was connected to Tasmania and climates were colder and drier. The Latrobe Valley (30 km wide), the Yanakie Isthmus and numerous smaller barriers further fragment populations within Victoria. The dry Midlands of Tasmania (50 km wide) separates the largest group of populations of the species (in the west, south and southeast of the island) from the second largest group, which occur in the north-east highlands of Tasmania. The three smallest and most geographically isolated populations occur at Yarlington Tier in Tasmania, and Kinglake and Wilsons Promontory in Victoria. These populations are more than 24, 32 and 45 km from any other N. cunninghamii populations, respectively. The Yarlington Tier population also occurs in a drier climate than any other populations of the species.
A total of 18 populations of N. cunninghamii were sampled, representing almost the full geographic range of the species and spanning all major disjunctions (Figure 1) . The sampling followed a nested design, with three subpopulations sampled within 13 of the populations, two subpopulations from the Tarra Bulga and Douglas Apsley populations and only one each at the small and disjunct Kinglake, Wilsons Promontory and Yarlington Tier populations. Each of the sampled populations was separated by at least 15 km from each other, while subpopulations were separated by 1.5-10 km. Individuals were sampled randomly within populations but at least 20 m from each other to reduce the chance of over-representing particular family groups, which would artificially inflate inbreeding measures. This spacing was not possible in the very small populations at Kinglake and Yarlington Tier, where an adequate sample size could only be achieved by sampling closer individuals, and at Wilsons Promontory, where samples were more widely spaced than in other populations because of the scattered nature of the species in this region. Between 10 and 15 trees were sampled from each subpopulation giving a total of 770 individuals. However, 137 individuals were excluded from the final data (n = 633) due to missing data or failed amplification. Four of the populations sampled (Mt Barrow, Projection Bluff, Mt Field and Mt Dundas) were chosen for comparison of high and low altitude populations. In these cases, 20 samples were collected from each high and low altitude subpopulation. High altitude subpopulations occurred at the local altitudinal limit of the species. The low altitude subpopulations were~400 m lower in altitude than, and between 1.5 and 5 km distant from high altitude populations. The low altitude plants were tall, erect trees with large, thin leaves, whereas the high altitude plants grew as shrubs and had small, thick leaves.
Molecular methods
Genomic DNA was extracted from the samples using the CTAB protocol of Doyle and Doyle (1990) , with the following modifications:~50 mg of fresh leaf tissue was frozen in liquid nitrogen and ground with a tissue disruptor (TissueLyser, Qiagen, Chadstone, VIC, Australia) using a tungsten carbide bead; the ground tissue was then mixed with CTAB buffer containing 4% polyvinylpyrrolidone (PVP40) and 0.7% of dithiothreitol (DTT) and incubated at 56°C for 30 min. DNA concentration and quality was assessed using agarose gel electrophoresis with Goldview (Guangzhou Geneshun Biotech Ltd, Guangzhou, China) staining and compared with a λ HindIII molecular weight marker.
Nuclear microsatellites previously developed for N. cunninghamii by Jones et al. (2004) were used to identify patterns of genetic variation. These 14 microsatellites were amplified by PCR on a Bio-Rad C1000 thermal cycler (BioRad Laboratories, Inc., Hercules, CA, USA) using Qiagen multiplex master mixes. Loci were separated into two multiplex mixes (Table 1) , with each reaction containing 2.5 μl of Qiagen multiplex PCR buffer, 0.5 μl of Q-solution, 5-10 ng of genomic DNA for each reaction and RNase-free water to a final volume of 5 μl. The following PCR programme was used: 95°C for 15 min; 30 cycles of 94°C for 30 s, annealing temperature (see Table 1 ) for 90 s and 72°C for 60 s; an extension at 60°C for 10 min; completing with a final holding temperature of 15°C. PCR product quality was assessed using gel electrophoresis as explained previously. PCR products were diluted to a 1:10 ratio with RNase-free water and 1 μl of diluted PCR product was air dried at 55°C for 30 min and sent to the Australian Genome Research Facility (Adelaide, Australia) for capillary separation with an AB3730 DNA analyser (Applied Biosystems, Foster City, CA, USA). Genotypes were scored using GeneMapper version 3.7 (Applied Biosystems) with the microsatellite default analysis method Genetic structure of southern beech CJ Duncan et al and a size standard of 'GS500 (-250) LIZ'. All microsatellites used in this study have dinucleotide repeats and bin sets were established as either odd or even numbers at least two base pairs apart. Of the 14 microsatellite loci identified by Jones et al. (2004) , two (ncutas10 and ncutas16) showed high levels of missing data or peaks with too much stutter, rendering them difficult to score. These two loci were therefore excluded from further analysis.
Data integrity
The frequencies of null alleles (alleles that are not detected) of each locus was estimated using Micro-Checker version 2.2.3 (Van Oosterhout et al., 2004) with a 99% confidence interval. The average frequency of null alleles was 7% across the whole data set, but two loci (ncutas02 and ncutas15) had particularly high frequencies (25 and 21%, respectively; Table 1 ). To determine the overall effect these two loci had on the results, all analyses were performed with these loci both present and absent. Although excluding these loci reduced overall average null frequency to only 3.7%, F ST and diversity metrics did not change greatly.
The average percentage of missing data per population and locus was calculated using GenoDive version 2.0b23 (Meirmans and Van Tienderen, 2004) . The total average missing data value was 2%, with highest incidence of 4.7% in the Otway Ranges population ( Table 2) . Repetition of PCR steps and blind scoring of 72 random samples gave an overall error rate across loci of only 3.1% (Table 1) . Both total average missing data and error rate in this study were at levels considered acceptable for microsatellite data (Selkoe and Toonen, 2006) . To test each locus for neutrality, we used an F ST outlier method implemented by LOSITAN (Antao et al., 2008) with 10 runs of 50 000 simulations and 99.5% confidence interval under an infinite allele mutation mode. The results indicated that all loci in this study were likely to be neutral.
Data analysis
Observed number of alleles (A), observed heterozygosity (H O ), expected heterozygosity (He) and Wright's F statistics were calculated using GenoDive (Meirmans and Van Tienderen, 2004) . Allelic richness (Ar) and private allelic richness (PAr) were both rarefied to the smallest population size of 11 using HP-Rare (Kalinowski, 2005) . To geographically present spatial trends in Ar and PAr, interpolated surfaces were generated with the inverse distance weighted method incorporated in ArcGIS version 10.2 (ESRI, Redlands, CA, USA). The overall genetic structuring of microsatellite variation was investigated using analysis of molecular variance (AMOVA), Bayesian clustering and principal coordinate analysis.
To allow for the potential impact of null alleles, the inbreeding coefficient F IS was calculated using INEST 2.0 (Chybicki and Burczyk, 2009 ) with a Gibbs sampler of 500 000 iterations and a burn-in of 50 000 cycles and a Bayesian IIM model. FSTAT version 2.9.3.2 (Goudet, 1995) was used to calculate other inbreeding coefficients: F IT , inbreeding in individuals relative to all populations studied; and F ST , the proportion of the total genetic variance contained in a population relative to the total genetic variance. To determine the contribution of stepwise mutation to population differentiation R ST and F ST were calculated using SPAGeDi (Hardy and Vekemans, 2002) , and R ST4 F ST was investigated by testing whether the observed R ST was larger than the value obtained after permuting allele sizes among alleles within populations (Hardy et al., 2003) . We assessed the partitioning of genetic variation by combining two 3-way AMOVAs with 999 permutations implemented in GenAlEx version 6.501 (Peakall and Smouse, 2006) . The first AMOVA had states (Victoria versus Tasmania), populations and individuals as factors and the second AMOVA had populations, subpopulations and individuals. These two analyses were combined by partitioning the variance among individuals within populations (from the first analysis) into variance among individuals within subpopulations and variance among subpopulations within populations from the second analysis (Jones et al., 2006) . Bayesian clustering of individuals, with no a priori hypothesis, was conducted using STRUCTURE version 2.3.4 (Pritchard et al., 2000) . STRUCTURE employs an admixture ancestry model and an allele frequency model that assumes that allele frequencies are correlated among populations. Ten independent STRUCTURE runs were performed, each with K values allowed to range from 1 to 8, a burn-in period of 100 000 and 500 000 Markov chain Monte Carlo iterations. STRUCTURE HARVESTER (Earl and vonHoldt, 2012) was used to infer the most likely K. Principal coordinate analysis was conducted using GenAlEx (Peakall and Smouse, 2006) and based on a matrix of F ST among populations.
To test for isolation by distance, we used the natural logarithm of geographic distance and a genetic relationship matrix between subpopulations calculated as F ST /(1 − F ST ) using SPAGeDi (Hardy and Vekemans, 2002) . The strength of the correlation between these variables was tested in GenAlEx using a Mantel test with 999 permutations. To predict putative barriers to gene flow, we used BARRIER version 2.2 (Manni et al., 2004) to find the edges associated with the highest rate of genetic change according to Monmonier's maximum difference algorithm. Allelic frequency histograms were constructed for each population to assess whether allele distributions followed patterns expected for bottlenecked populations (Luikart et al., 1998) . To further examine evidence of recent bottlenecks, we used the M-ratio method of Garza and Williamson (2001) , which is the mean ratio of the number of alleles to the range in allele size, M, calculated from a population sample of microsatellite loci. Populations that have experienced a recent bottleneck are considered to exhibit a low M-ratio of o0.68 (Garza and Williamson 2001) .
Approximate Bayesian computation was implemented in DIYABC 2.0.4 (Cornuet et al., 2010) to investigate the time of genetic isolation of the two main STRUCTURE groups, Tasmania and Victoria. To do this, the geographically and genetically intermediate populations in southern Victoria (see Supplementary Figure S1 ) were excluded following the strategy of Kimura et al. (2014) and the small Kinglake and Yarlington Tier populations were also excluded because they may have inflated estimates of divergence times. Although coalescence analysis may not be as precise as direct evidence (for example, fossil data) for the timing of events, this method can provide information on the temporal hierarchy of intraspecific gene flow and demographic events caused by distributional changes (Kimura et al., 2014) . We compared 12 alternative scenarios for the split between Tasmania and Victoria with and without bottlenecks: four that assumed that Victoria split from Tasmania, four that assumed that Tasmania split from Victoria and four that the populations in the two regions split from a common ancestral population (Supplementary Figure S2) . Nine scenarios assumed a bottleneck for one or both of the populations. The priors for the historical models are shown in Supplementary Table S1 . A total of 6.85 million simulated data sets (571 428 per scenario) of which the 1% closest to the observed data were used to estimate the relative posterior probabilities of each scenario via a logistic regression approach using 20 summary statistics including the number of alleles, heterozygosity, F ST and dμ 2 (a measure of pairwise distance between populations). Garza and Williamson's (2001) M-ratio (within and between populations) was not used because values obtained under all scenarios were significantly different from the observed values. We also tested the effect of constraining the effective population sizes (while keeping all other priors the same) with Tasmanian having a minimum and maximum Ne of 800 and 1500 while Victoria was set at 200 and 400, respectively. These reflected the range in Ne for both populations estimated from the microsatellite data using the linkage disequilibrium method implemented in NeEstimator v.2 (Do et al., 2014) 
RESULTS

Genetic diversity
The 12 microsatellites used in this study were highly polymorphic with 8-31 alleles per locus (an average of 20 alleles per locus; Table 1) . Observed heterozygosity (H O ) per population varied from 0.51 to 0.64 (overall mean = 0.59), which was considerably lower than expected heterozygosity (H E = 0.58-0.76; overall mean = 0.72; Table 2 ). Similarly, the inbreeding statistic F IS was very low except in the Wilsons Promontory population, in which the F IS value may be inflated by the sampling of more widely spread individuals than in other populations (Table 2) . Thus, inbreeding appears to be low, except possibly at Wilsons Promontory. Expected heterozygosity of Tasmanian populations (H E = 0.74) was significantly higher (P = 0.015 after 1000 permutations) than that of Victorian populations (H E = 0.69). Both mean rarefied allelic richness (Ar) and mean rarefied private allelic richness (PAr) were significantly higher for Tasmania than for Victoria (Ar = 6.86 versus 5.41; PAr = 0.26 versus 0.07; P = 0.001 after 1000 permutations in both cases; Table 2 ; Figure 2 ). The populations with the highest allelic richness were FranklinGordon in western Tasmania and Adamson's Peak in southeastern Tasmania (Ar = 7.53 and 7.38, respectively). Only two Tasmanian populations, Yarlington Tier and Douglas Apsley, had low genetic diversity, with only Yarlington Tier comparable to Victorian populations. The genetic variation in Victoria was largely a subset of the variation found within Tasmania: only three alleles present in Victoria were not found in Tasmanian populations, but 87 alleles were present in Tasmania but not in Victoria. Among Victorian populations, the Otway Ranges had the highest allelic richness and number of private alleles, but these were still considerably lower than that for most Tasmanian populations. Kinglake in Victoria had the lowest allelic richness (Ar = 3.65) of all populations.
Genetic structure The species had relatively low level of differentiation with F ST of only 0.039 ± 0.005. Most of this was contributed by differentiation of Victorian populations (F ST = 0.045 ± 0.006), which were considerably more differentiated than those in Tasmania (F ST = 0.012 ± 0.002). A Z-test indicates that this difference was highly significant (Z = 5.4; Po0.001). R ST (mean = 0.0337 ± 0.0057) was not significantly different from F ST ( Table 1 ), indicating that drift was more important for differentiation among populations than mutation (Hardy et al., 2003) . The partitioning of the variance using AMOVA based on all 12 loci or 10 loci (that is, excluding loci with high incidences of null alleles) indicated significant population substructure (Supplementary Figure S3) . The 10-locus analysis is preferred for this analysis because null alleles can result in overestimation of genetic differentiation (Chybicki and Burczyk, 2009) . In that analysis, most of the genetic variation (80%) was within individuals, but 11.6% occurred among individuals within populations, 1.3% occurred among subpopulations within populations, 2.0% was among populations within state and 4.7% between states (Supplementary Figure S3) . All variance components were significantly greater than zero (Po0.05). The 12-locus analysis differed mainly in having higher variation among individuals within populations (Supplementary Figure S3) . The best estimate of the number of genetic groups identified by STRUCTURE was two (K = 2), according to STRUCTURE HAR-VESTER. One genetic group was strongly characteristic of Tasmanian individuals and the other of Victorian individuals (Figure 3) . However, the estimated memberships for individuals from the two most southern Victorian populations, the Otway Ranges and Wilsons Promontory, indicated more affinity with the Tasmanian population than any other Victorian region (Supplementary Figure S1) . The next best level of structuring was K = 5, but this was a much poorer fit according to the ΔK method (Earl and vonHoldt, 2012) and will not be discussed further.
As in the STRUCTURE analysis, the principal coordinate analysis clearly segregated Victorian and Tasmanian populations, and again the most southerly populations in Victoria (Otway Range and Wilsons Promontory) were genetically more similar to populations from Tasmania than were the other Victorian populations (Figure 4 ). There was no clear geographic patterning within Tasmania but in Victoria, Kinglake was particularly divergent from all other populations.
A Mantel test showed that within Tasmania, geographic distance was not significantly correlated (P = 0.125) with genetic distance among subpopulations. In contrast, genetic distance between subpopulations was significantly correlated with geographic distance in Victoria, both overall (P = 0.006) and also when the genetically and geographically isolated Kinglake population was excluded (Po0.001; Supplementary Figure S4) .
The most significant barriers to gene flow (as inferred using BARRIER) were Bass Strait, and the dry regions surrounding the very small populations found at Yarlington Tier in Tasmania, Wilsons Promontory and Kinglake in Victoria (Figure 2 Mount Field F ST = 0.0016; average F ST = 0.007; all not significant). Furthermore, analysis of the relationship between altitude and allelic richness across the whole sample set (Supplementary Figure S5) found no statistical correlation (P = 0.45) between them providing good evidence of gene flow over these short distances.
Population bottlenecks
Several small and isolated populations showed indications of bottlenecks. In particular, Yarlington Tier in southeastern Tasmania showed very low M-ratio; only 0.56 compared to the value of 0.68 considered indicative of a bottleneck, as well as low allelic diversity (Table 2) . Under-representation of rare alleles in this population (Supplementary Figure S6) is further evidence for bottlenecking. Kinglake in Central Victoria also showed all these indicators of bottlenecking (Table 2) , although the M value of 0.65 was only slightly below the critical value. This population had the most strongly distorted allele distribution and had H O that was only marginally lower than He giving further evidence for severe bottlenecking. Other populations from Victoria also showed some indications of possible bottlenecking with low allelic richness and under-representation of private alleles, and in the case of Otway Ranges and Tarra Bulga, low M values (M = 0.65).
Timing of isolation across Bass Strait
By using the logistic regression method, the best supported scenario under the non-constrained analysis was scenario 3 with a posterior probability of 0.39 (95% confidence interval = 0.36-0.43) where both Tasmanian and Victorian populations diverged from a common ancestor. Under scenario 3 the populations diverged 224 generations ago (T1, median value), the effective population size of Tasmania was nearly eight times larger than the central highlands Victoria (9500 versus 1230, respectively, median values; see Supplementary Tables S3  and S4 and Supplementary Figure S7 for detailed results of approximate Bayesian computation analysis). This implied a divergence time of 22 400 years ago assuming the generation time of 100 years estimated by Hickey (1994) . Mean relative bias values were generally low ( Supplementary Table S3 ) indicating that estimates are relatively accurate. The second best scenario was scenario 2 (with Tasmanian populations diverged from Victorian populations) with a posterior probability of 0.34 (0.30-0.38). Under this scenario the populations diverged 226 generations ago (T1, median value) or 22 600 years ago. However, scenario 2 is difficult to reconcile with the presence of much greater diversity of chloroplast haplotypes in Tasmania than in Victoria (Worth et al., 2009) . When Ne was constrained scenario 1, where Victorian populations diverged from Tasmanian ones, had the highest posterior probability (0.54, 95% confidence interval = 0.39-0.69). Under this scenario lower divergence times for Tasmanian and Victorian populations were obtained 31 generations ago (T1, median value) or 3100 years.
DISCUSSION
Overall, the low genetic structure found in this study indicates relatively high gene flow; consistent with the fact that N. cunninghamii is wind pollinated. This gene flow is most likely occurring through pollen dispersal because chloroplast DNA evidence indicates low gene flow by seed in this species (Worth et al., 2009) . Nonetheless, the presence of significant genetic patterns at the nuclear level across the species range can be explained by the combined effects of geographic isolation and small population size. Thus, the largest geographic barrier, Bass Strait, created the strongest differentiation in the species. Population size also played a role, with evidence for higher differentiation and lower genetic diversity within the small and relatively isolated Victorian populations compared to those from Tasmania (except for the tiny Yarlington Tier population). The effect of population size was expected because it has been shown to affect both rates of gene flow and rates of drift. This is because small source populations can be expected to produce less pollen than large populations and therefore contribute less to gene flow, and small populations are intrinsically more prone to drift and therefore more susceptible to genetic depletion (Dai and Fu, 2011) . The relatively low differentiation of N. cunninghamii is consistent with the 'moderate' differentiation found in its close relative from~700 km further north, N. moorei (Taylor et al., 2005) . This latter species has a highly fragmented distribution and therefore may be expected to show greater differentiation.
Divergence across Bass Strait
The presence of a genetic barrier between Victorian and Tasmanian populations is not surprising because Bass Strait (4200 km wide) is wider than maximum reported distances of effective pollen dispersal, which range from 10 to 100 km in wind-pollinated tree species (Kremer et al., 2012) . Chloroplast evidence implies long-term survival of the species on both sides of Bass Strait: in the Central Highlands of Victoria and in multiple locations in Tasmania (Worth et al., 2009) . In contrast, the Bayesian coalescent analysis estimates that the mean time of genetic isolation across Bass Strait was o25 000 years ago and older than 3000 years ago, a time period that includes the Last Glacial Maximum when sea levels were sufficiently low for Victoria and Tasmania to be connected by land. However, we argue that it is unlikely that a continuous or near-continuous population of N. cunninghamii occurred at that time. This is because the Bass Strait region is modelled as having been extremely hostile for N. cunninghamii during the Last Glacial Maximum (Worth et al., 2014b) . The coalescence age estimates also include much of the Holocene, and would include even more if true generation times were shorter than our estimate. Sea levels were sufficiently high (~72 m below current sea level) to form the Bass Strait seaway between Victoria and Tasmania by about 13 000 years ago, late in the Last Glacial (Lambeck et al., 2014 Figure 4 Principal coordinates analysis for all populations of Nothofagus cunninghamii based on F ST . Note the clear divergence between Tasmanian and Victorian populations, the significant divergence of Kinglake and that the two most southerly populations from Victoria are the closest to those from Tasmania.
in which none of the landmasses (islands) are currently within the bioclimatic range of the species (Worth et al., 2014a) . The major pattern in nuclear microsatellites reported here therefore most likely reflects movement across Bass Strait of pollen that pollinated the descendants of N. cunninghamii individuals that survived in glacial refugia. The divergence times obtained using approximate Bayesian computation analysis may therefore be biased by low levels of pollenmediated gene flow over tens of thousands of years, and the major split in the populations may be considerably older. Indeed it is plausible that the current genetic isolation of Victorian populations is only partial, with ongoing pollen-mediated gene flow occurring, but at rates that are too low to entirely overcome past or present drift. Consistent with the idea of recent or ongoing low level gene flow is that the most southern populations in Victoria at Wilsons Promontory and Otway Ranges are the most similar of all Victorian populations to those in Tasmania.
Contrasting genetic structuring within Tasmania and Victoria
The striking pattern of substantially lower genetic structure and greater genetic diversity in Tasmania compared to Victoria attests to the combined effects of low levels of genetic exchange and high levels of habitat fragmentation in Victoria compared to the more continuous distribution of N. cunninghamii in Tasmania. Thus, the F ST in Tasmania (0.012) was low compared to the genetic divergence for trees in general of 0.05 (Petit and Hampe, 2006 ) but comparable to those observed in other ecologically dominant and widespread windpollinated trees with similar life histories, for example, Fagus crenata (0.027; Hiraoka and Tomaru, 2009a) and F. japonica (0.023; Hiraoka and Tomaru, 2009b) , but was low compared to related Nothofagus species (0.049-0.14 for South American members of Nothofagus subgenus Lophozonia; Vergara et al., 2014) . The lack of differentiation in N. cunninghamii is evident even between eastern and western Tasmanian populations, which means that the dry Midlands region of Tasmania, which is over 50 km wide, poses little barrier to gene flow. Our results therefore suggest that gene flow and/or population size is sufficient to largely override the effects of drift in almost all Tasmanian populations of N. cunninghamii. However, it is difficult to disentangle the impact of the two. Indeed, gene flow has not been enough to erase some patterns of genetic diversity in Tasmania that may be signatures of glacial refugia including 'hotspots' of genetic diversity (Ar and PAr) in the known area of refugial survival in the Franklin-Gordon area of southwest Tasmania . Similarly, the high diversity of private alleles at Mt Victoria in northeastern Tasmania is consistent with a refugium in that local region as indicated by an endemic chloroplast haplotype (Worth et al., 2009) . These private alleles have not dispersed to the west, possibly due to the general westerly wind direction in Tasmania.
In contrast to Tasmania, genetic divergence was higher in Victoria, as evidenced by an F ST nearly four times higher than in Tasmania, principal coordinate analysis and significant genetic differentiation with increasing geographic distance. These results are consistent with the low effective population size-only 13% of that of Tasmania, and the more fragmented range of the species in Victoria.
Divergence, low diversity and bottlenecking in isolated populations
Genetic divergence and depauperate diversity shows that even the high rates of gene flow are not sufficient to overcome the genetic consequences of isolation in small populations of N. cunninghamii. Similar findings have been observed in small, fragmented populations of other wind-pollinated species, such as Juniperus communis (Provan et al., 2008) . The strongest evidence for bottlenecking was in the two smallest populations, Kinglake in central Victoria and Yarlington Tier in southeastern Tasmania. These populations are both very small (less than 40 adult individuals) and more than 20 km from any other populations. Kinglake is the most significantly diverged of all individual populations and shows evidence of strong bottlenecking; the M value was low and allelic frequency histograms were strongly distorted. Yarlington Tier had low allelic richness and a value of M well below the critical level of 0.68. For both populations, it is unclear when bottlenecking occurred, particularly because of uncertainty about the origins of these populations. Fossil pollen evidence shows the continuous presence of the species at Yarlington Tier for at least 9000 years (Harle et al., 1993) , but the age of the Kinglake population is unknown. If these populations survived the last glacial, the signals could not only be a legacy of extreme isolation and population reduction during this period, but also could be a consequence of small population size throughout the Holocene. In contrast, if the population are of Holocene origin via rare long-distance seed dispersal events the bottlenecks may represent founder effects combined with low population sizes.
Evidence for adaptation in N. cunninghamii Worth et al. (2014b) proposed that adaptation may have contributed significantly to changes in the climatic ranges, in which N. cunninghamii has occurred over the past 25 000 years. This concept is consistent with evidence from common garden trials in controlled environments showing a partly genetically controlled altitudinal cline in N. cunninghamii in a suite of characteristics that are considered to be functionally significant (rates of photosynthesis, leaf thickness, leaf mass per unit area and degree of plasticity in these and other traits; Hovenden and Brodribb, 2000; Hovenden and Vander Schoor, 2006) . The argument for a functional relationship of these traits to altitude is reinforced by similar patterns of clinal differentiation in a related species in South America (Premoli and Brewer, 2007; . Such functional variation could have arisen through drift or reflect adaptation. Given the low levels of differentiation in putatively neutral molecular markers between populations at the extreme of these clines and because high altitude populations did not suffer from low genetic diversity, one has to assume that the differentiation for functional traits has been driven by selection sufficiently strong to overcome gene flow along altitudinal gradients. Such causes of local adaptation are relatively common in forest trees (Aitken and Whitlock, 2013; Kremer et al., 2014) .
CONCLUSION
Results from this study confirm that this wind-pollinated keystone rainforest tree, N. cunninghamii, shows significant gene flow across relatively long distances (at least 60 km). However, historical fragmentation has caused genetic drift in small populations. This study therefore shows that if gene flow is restricted to such an extent that it cannot overcome the impact of drift due to large barriers of unsuitable habitat or small population size, genetic drift can result in significant population divergence even in trees with effective dispersal methods. These data have conservation importance because understanding the genetic consequences of historical population dynamics sheds light on how trees with similar life history traits may respond to modern environmental stressors. If fragmentation of the range of N. cunninghamii increases under future climate change as predicted by Worth et al. (2014a) , Victorian populations will probably be vulnerable to loss of genetic diversity. In contrast, western and northeastern Tasmania not only harbour most of the diversity in the species but are also predicted to contain the most suitable climates for the species under projected climate change (Worth et al. 2014a ). This matching of projected environment to genetics may reflect the long-term roles of these regions as refugia for N. cunninghamii and species dependant on it.
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